The coherent structures of flow over a compression elliptic surface are experimentally investigated in a supersonic low-noise wind tunnel at Mach Number 3 using nano-tracer planar laser scattering (NPLS) and particle image velocimetry (PIV) techniques. High spacial resolution images and the average velocity profiles of both laminar inflow and turbulent inflow over the testing model were captured. From statistically significant ensembles, spatial correlation analysis of both cases is performed to quantify the mean size and orientation of large structures. The results indicate that the mean structure is elliptical in shape and structure angles in separated region of laminar inflow are slightly smaller than that of turbulent inflow. Moreover, the structure angle of both cases increases with its distance away from from the wall. POD analysis of velocity and vorticity fields is performed for both cases. The energy portion of the first mode for the velocity data is much larger than that for the vorticity field. For vorticity decompositions, the contribution from the first mode for the laminar inflow is slightly larger than that for the turbulent inflow and the cumulative contributions for laminar inflow converges slightly faster than that for turbulent inflow 
Introduction
Separated flows have been the subject of experimental and computational research for decades owing to their practical importance in many common supersonic aircraft. Supersonic separated flows caused by shock wave boundary layer interaction (SWBLI), generated by a two-dimensional (2D) compression curved surface, contain several characteristics that are very challenging for accurate computer modeling and prediction. These features involve the presence of shock waves, a recirculation region adjacent to the model, and thin compressible shear layer with large flow property gradients. Experimental research in this domain is therefore crucial to the development of a better understanding of the physical phenomena that govern these high-speed separated flows [1] . Schlieren and shadowgraph approaches have been extensively used in the investigation of compressible, separated, and shear flows. However, they cannot accurately determine the transient structures in high connective Mach number flows due to these techniques spatially integrating along the line-of-sight. In order to obtain these instantaneous structures, a different technique must be employed.
In the last two decades, Filtered Rayleigh Scattering (FRS) and condensate-enhanced Rayleigh scattering have been extensively used in studies of compressible, separated, and shear flows [1] [2] [3] [4] [5] [6] [7] [8] . Dutton et al. [1, 2] experimentally investigated the spatial evolution of largescale structures in the shear layer of a supersonic base flow and an axisymmetric supersonic separated flow. The results of their studies showed that the mean side-view structure was highly strained and inclined toward the local free stream direction. Bookey et al. [5, 9] experimentally investigated the flow in Mach 2.9 SWBLI generated by a 2D compression ramp. They provided quantitative measurements of the turbulent structure angle and other parameters. Very recently, Humble et al. [6] visualized and analyzed a Mach 4.9 turbulent boundary layer.
Particle image velocimetry (PIV) is another very useful tool for the studies of supersonic separated and shear flows [7] [8] [9] . Proper orthogonal decomposition (POD) was proposed as an unbiased method for extracting structures in a turbulent flow and has proved to be an effective method for identifying dominant structures in both experimental and numerical data [10] [11] [12] [13] [14] [15] [16] . The input of POD can be an arbitrary quantity (velocity, vorticity, pressure and so on). When POD is applied to velocity fluctuation data, the modes represent the turbulent kinetic energy; when it is performed to vorticity data, they stand for the enstrophy [16] . In most previous studies of POD, the fluctuating velocity fields were used, however, it was noted that the vorticity fields were more pertinent for the identification of coherent motions [13] . Almost all previous experimental studies of POD were applied to low velocity flow and the experimental results of POD for supersonic flow were rarely reported.
Coherent structures play a major role in the dynamics of turbulent flows in case of both free-shear and wallbounded flows [17] . These structures are responsible for transport of low-momentum fluid and for Reynolds-stress production. The vortex organization in turbulent flow field has been extensively studied [1, 2, 18, 19] , however, most studies are focused on the zero pressure gradient boundary layer. Because of the complexity of supersonic flows, the adverse pressure gradient boundary layer of a supersonic flow over a curved surface, need to be studied.
The nano-tracer planar laser scattering (NPLS) is a flow visualization technique for measuring the fine structures of a supersonic flow [20] [21] [22] [23] [24] . In the present work, a su- 
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personic flow over a compression elliptic surface is experimentally investigated by NPLS and PIV techniques. The rest of the present paper is organized as follows. In section 2, the flow facility and NPLS technique are described in detail. Experimental results, including flow imaging and velocity profiles as well as POD of vorticity, are given in section 3. Conclusions drawn from the present work are summarized in section 4.
Experiment setup

Flow facility
A set of experiments were performed in a Mach number 3.0 low-noise wind tunnel. The incoming flow is dried air free from dust. The density is 1.1691 kg/m 3 and its adiabatic coefficient is 1.4. The total temperature and total pressure are 300K and 101kPa, respectively, as listed in Table 1 . The test section is 120 mm high, 100 mm wide, and 250 mm long. The model for the ellipsoidal ramp is 33 mm high, 46 mm long, and 100 mm wide. The model is one quarter of an ellipsoid with semi-principal axis lengths 33 mm and 46 mm. The testing model is placed upon a flat-plat. The schematic illustration of experimental arrangements is given in Figure 1. 
NPLS technique
The nano-tracer planar laser scattering (NPLS) technique is an optical flow visualization technique based on Rayleigh-scattering, which uses the nanoparticles as tracer particles [20] . As shown in Figure 2 , the NPLS system composed of a nano-particle generator, a dualcavity neodymium-doped yttrium aluminum garnet laser, an interline transfer double-exposure charge-coupled device (CCD) camera, a synchronizer, and a computer. The laser with 500 mJ pulsed energy at the wavelength of 532 nm and 8 ns pulse duration, is used as a light source. The flow is seeded with the titanium dioxide (TiO 2 ) particles at a nominal median diameter of 50 nm. The laser beam was transformed into a uniform light sheet with the thickness about 0.5 mm by a set of cylindrical lens. The flow is imaged using an interline transfer CCD camera, which has the resolution of 2048×2048 pixels. It can provided a maximum spatial resolution of approximately 0.01 mm/pixel. Two frames of a supersonic flow are recorded within a double-expose interval, which can be as short as 200 ns.
Results and discussions
Flow visualization
An instantaneous image of Mach 3 laminar inflow over the model is shown in Figure 3 . The spatial resolution for this image is 0.093 mm/pixel. The origin is located at the leading edge of the model, and the distance between leading edge of the flat-plate and the leading edge of the model is 140 mm. The incoming laminar boundary layer, Mach wave (labeled as M), a series of compression waves (marked as C),shock waves (labeled as S), and the separated flow in front of the model , can be clearly identified. Mach wave M is generated by the leading edge of the flat-plate. Compression waves C originate from the separation flow. Shock S is generated by the model and reattachment. At the beginning of the inflow (upstream of approximately -75 mm in Figure 3) , the flow at the flatplate is a thin laminar boundary layer with a -√ growth on the average. The boundary layer transition occurs at approximately 65 mm from the leading edge of the flatplate. However, the results showed that the length of the laminar flow in the flat plate was approximately 180 mm under the same experimental conditions [21] . In the downstream region (from approximately -60 mm to the origin), the boundary layer exhibits small-scale structures, which indicates that the flow is turbulence. In this region, there are two clear layers in the boundary layer, and the bottom layer, with low luminance, is the recirculation region. 
Spatial correlation analysis
To quantify average spatial features of coherent structures, two-point spatial correlation functions are evaluated statistically according to:
where I is the intensity of scattered light recorded by the camera, x is a reference location, and r is a relative displacement vector, N is the sample number. Previous studies indicated that an ensemble of 512 images ensured stable statistic results, therefore, an image ensemble of over this size was employed in the present work. The points ( Figure 4 are selected as the reference points. Figure 5 shows contour plots of the spatial correlation fields at the above two reference points, calculated from an ensemble of 530 images. The coordinates are normalized by the local boundary layer thickness. For each of the correlation fields, iso-correlation values are from 0.5 in even increments of 0.1 about the central peak, which has a value of unity by definition. Consistent with other flow imaging research [1] , the correlation contours exhibits an elliptical nature. Note that the iso-correlations represent average structures of the large vortices. The 0.5 contour level is used for determination of the mean structure size and mean structure angle, as the same contour used by Bourdon et al. [1] ; thus, ellipses are fit to this iso-correlation contour utilizing a direct leastsquare-fitting method originated from Fitzgibbon [26] . Figure 6 shows the structure angle versus the nondimensional height in boundary layer, located upstream 5 mm from the leading edge of the testing model. Results calculated from FRS images in a similar position to the compression corner at Mach 2.9 in reference [8] inflow from 35 to 65 , in agreement with that at Mach 2.9 in reference [8] . The structure angles in the separated region of laminar inflow, are slightly smaller than that of turbulent inflow. Moreover, the structure angle of both laminar inflow and turbulent inflow increases with its distance away from the wall, consistent with previous studies [5, 8] . Figure 7 presents the mean velocity field of both laminar and turbulent inflows. The spatial resolution for laminar inflow is 0.093 mm/pixel and for turbulent inflow is 0.063 mm/pixel. Both the origins are located at the leading edge of the model. The recirculation zone exists upstream of the testing model in both cases. The extent of the recirculation zone in streamwise direction of the laminar inflow, is much larger than that of the turbulent inflow. It is consistent with the results of flow visualization. POD analysis of velocity and vorticity fields is performed herein. The idea behind POD analysis is to find a function basis ψ (x) that most faithfully represents an instant vector function (x ) in the form:
Velocity profiles and POD analysis
such that the above equation describes (x ) better than any other representation of the same dimension using any other function basis [13] . The snapshot POD is adopted herein: see more details of this method [12] . POD were applied to the velocity and vorticity fields, producing the value of energy in every mode. Therefore, a relative contribution of energy can be given in particular modes. Note that the term "energy" represents turbulent kinetic energy (TKE) for velocity field and enstrophy for vorticity data, respectively. The spectra of both the velocity and vorticity decompositions for both the laminar and turbulent inflows, are shown in Figure 8 . It can be seen that the first mode for both the velocity and vorticity decompositions contain a high percentage of energy. The relative contribution for both velocity cases is more than 97%, whereas the contributions for vorticity of laminar inflow and turbulent inflow are 54 4% and 37 9%, respectively. It indicates that the ratio of enstrophy for a more turbulent flow has a larger proportion than that for a less turbulent flow. The result is consistent with that of, the less deterministic a flow is, the less efficiently it will be represented by the POD expansion of Kostas et al. [12] . The contributions from the other modes decrease very fast with the increasing mode number, especially for velocity cases. The diagram below in Figure 8 is the cumulative contributions for both laminar and turbulent inflows. For vorticity decompositions, the case for vorticity of laminar inflow converges slightly faster than that for turbulent inflow. It shows the level of coherency for the former is higher than the latter. Figure 9 shows the first mode of POD applied to the velocity field for both the laminar and turbulent inflows. Figure 9 is rather close to Figure 7 , because the first mode contains a very high percentage of TKE.
Conclusions
The coherent structures of supersonic flow over a double elliptic surface are experimentally investigated in a supersonic low-noise wind tunnel at Mach Number 3 using NPLS and PIV techniques. The incoming boundary layer includes the laminar inflow and the fully developed turbulent inflow. Results of the laminar inflow show that the boundary layer transition occurs rapidly upstream of the testing model because of the separated flow. Results of the turbulent inflow show that large-scale structures on the model exhibit obviously periodic behavior. Results of flow visualization show that the extent of separated region in streamwise direction of laminar inflow is larger than that of turbulent inflow. Furthermore, it is confirmed by the results of PIV.
Spatial correlation analysis is performed over a large ensemble of images in the separated region of both laminar and turbulent inflows. Mean structures are shown to be elliptical and inclined toward the local flow direction. Structure angles in separated region of turbulent inflow are slightly larger than that of laminar inflow. The structure angle of both laminar inflow and turbulent inflow increases with its distance away from the wall, in agreement with previous studies [5, 6] . POD analysis of velocity and vorticity fields is performed. The energy portion of the first mode for the velocity data is much larger than that for the vorticity field. For vorticity decompositions, the contribution from the first mode for the laminar inflow is slight larger than that for the turbulent inflow. It is consistent with the results by Kostas et al. [12] . Moreover, cumulative contributions of vorticity decompositions for the laminar inflow converges slightly faster than that for the turbulent inflow.
